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18Precise control of the formation and development of dendritic spines is critical for synaptic plasticity. Conse-
19quently, abnormal spine development is linked to various neurological disorders. The actin cytoskeleton is a
20structural element generating specific changes in dendritic spinemorphology. Althoughmechanisms underlying
21dendritic filopodia elongation and spine head growth are relatively well understood, it is still not known how
22spine heads are enlarged and stabilized during dendritic spine maturation. By using rat hippocampal neurons,
23we demonstrate that the size of the stable actin pool increases during the neuronal maturation process. Simulta-
24neously, the treadmilling rate of the dynamic actin pool increases. We further show that myosin IIb controls
25dendritic spine actin cytoskeleton by regulating these two different pools of F-actin via distinct mechanisms.
26The findings indicate that myosin IIb stabilizes the stable F-actin pool through actin cross-linking. Simultaneous-
27ly, activation of myosin IIb contractility increases the treadmilling rate of the dynamic pool of actin. Collectively,
28these data show that myosin IIb has a major role in the regulation of actin filament stability in dendritic spines,
29and elucidate the complex mechanism through which myosin IIb functions in this process. These new insights
30into themechanisms underlying dendritic spinematuration further themodel of dendritic spinemorphogenesis.

31 © 2014 Published by Elsevier Inc.
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36 Introduction

37 Dendritic spines are small protrusions from neuronal dendrites.
38 Duringdevelopment, spine shape changes from long, thin, headless pro-
39 trusions (dendritic filopodia) to spines with short, narrow necks and
40 large bulbous heads (mushroom spines) (Hotulainen and Hoogenraad,
41 2010).Most of the post-synaptic terminals of excitatory synapses reside
42 in the dendritic spines, and the spine morphology and size modifies
43 the synapse function. Abnormal spine shape has been detected in
44 many neurological diseases (Calabrese et al., 2006; van Spronsen and
45 Hoogenraad, 2010). In order to detect and understand pathogenic
46 changes leading to neurological diseases it is fundamental to know
47 how spines develop normally. The actin cytoskeleton is a structural
48 element that regulates changes in spine shape as well as shape mainte-
49 nance. The beauty of the actin cytoskeleton as a building element is its
50 capacity to treadmill actin monomers through the filaments, making
51 the actin cytoskeleton tremendously dynamic. Actin binding proteins

52regulate the treadmilling rate in several ways; they can facilitate the
53incorporation of monomers onto the barbed ends of actin filaments,
54protect the filaments from depolymerizing factors or increase the rate
55of depolymerization of actin monomers from the pointed end of the
56filament (Le Clainche and Carlier, 2008). Based on the treadmilling
57rate, actin filaments in dendritic spines can be divided into a dynamic
58pool (time constant b 1 min) and a stable pool (time constant
59~17 min) (in addition, to an ‘enlargement pool’) (Honkura et al.,
602008; Star et al., 2002). Synapse activity affects the proportions of the
61dynamic and stable F-actin pools, as well as the actin treadmilling rate
62(Honkura et al., 2008; Okamoto et al., 2004; Star et al., 2002). An abnor-
63mal treadmilling rate causes abnormal shape and dynamics of the
64dendritic spines and is a plausible cause of Baraitser–Winter syndrome
65(Hotulainen et al., 2009; Okamoto et al., 2007; Rivière et al., 2012).
66Recently, we and others have revealedmechanisms underlying den-
67dritic filopodia elongation as well as spine head growth from headless
68protrusions (Hotulainen and Hoogenraad, 2010). However, it is not
69known how spine heads grow further and get stabilized during dendrit-
70ic spine maturation. The current view is that spine maturation does not
71change actin dynamics (Star et al., 2002). Taking into account that
72dendritic spine morphology and dynamics change during maturation
73(Dunaevsky et al., 1999; Oray et al., 2006; Takahashi et al., 2003),
74and that the actin cytoskeleton is themajor structural element underly-
75ing these changes (Hotulainen and Hoogenraad, 2010), we found it
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76 surprising that there would be no apparent change in actin dynamics or
77 the proportions of dynamic and stable F-actin pools.
78 Interestingly, we found out that there is a significant increase in the
79 relative size of the stable F-actin pool during neuronal maturation.
80 Furthermore, we were interested to know how F-actin stability can be
81 regulated in dendritic spines. It is known that cofilin-1 depletion or
82 over-expression of CaMKII can increase the relative size of the stable
83 F-actin pool in dendritic spines (Hotulainen et al., 2009; Okamoto
84 et al., 2007). To find other players involved in the regulation of actin
85 filament stability, especially during spinematuration, we turned tomy-
86 osin IIb which has been shown to be important for the normal develop-
87 ment and function of dendritic spines (Hodges et al., 2011; Rex et al.,
88 2010; Ryu et al., 2006; Zhang et al., 2005) and is re-located into dendrit-
89 ic spines during neuronal maturation (Ryu et al., 2006). In contrast to its
90 recently proposed function as a de novo actin nucleator in neurons (Rex
91 et al., 2010), we show that myosin IIb over-expression increases the
92 relative size of the F-actin stable pool in dendritic spine heads. In line
93 with this, myosin IIb silencing by siRNA depleted the stable F-actin
94 pool indicating a major role in the regulation of actin filament stability.
95 The myosin IIb motor function was not required for actin filament
96 stabilization; in contrast, active and contractile myosin IIb increased
97 the treadmilling rate of the dynamic F-actin pool.

98 Results

99 The relative size of the stable F-actin pool increases during neuronal
100 maturation

101 To study the turnover of actin filaments in the dendritic spines of
102 cultured neurons, we used fluorescence recovery after photobleaching
103 (FRAP) and fluorescence decay after photoactivation (Hotulainen
104 et al., 2009; Koskinen et al., 2012). The turnover of actin monomers in
105 F-actin, or actin treadmilling rate is dependent on six parameters: the
106 polymerization rates at the plus- andminus-ends, the depolymerization
107 rates at the plus- and minus-ends, the filament length and the concen-
108 tration of the free actinmonomers (Halavatyi et al., 2010). In addition to
109 this, the assembly and disassembly of the F-actin determines the rate
110 of change in the F-actin structures. In FRAP, the treadmilling rate is
111 estimated from the polymerization rate. In other words, FRAP assay
112 measures how fast new actinmonomers are added to the actin filament
113 ends. And as the critical concentration is significantly lower for plus-end
114 polymerization than forminus-end polymerization, fluorescence recov-
115 ery mainly reflects to the actin polymerization in plus-ends. In PAGFP
116 assay the estimation is done using the depolymerization rate. In other
117 words, how fast fluorescent actin molecules dissociate from actin
118 filaments and how fast the actin structures are disassembled. In
119 practice, FRAP is especially useful to estimate the treadmilling rate of
120 the dynamic F-actin pool whereas the photoactivation assay is advanta-
121 geous for long recordings, and well suited to study the size and proper-
122 ties of the stable F-actin pool (Koskinen et al., 2012). We first recorded
123 the fluorescence recovery after photobleaching from 14 to 21 days
124 in vitro (DIV14 or DIV21) cultured hippocampal neurons (Fig. 1A and
125 B). For these experiments, rat hippocampal neurons were transfected
126 with a construct expressing GFP-actin one day before the imaging.
127 Cells expressing low to moderate amounts of GFP-actin were selected
128 for analyses. In all experiments, transfected cells grew in a dense net-
129 work of neurons, ensuring the availability of a proper synaptic network.
130 For these recordings we selected spines with similar mushroom mor-
131 phology. These analyses demonstrated that the relative size of the stable
132 F-actin pool is significantly larger in DIV21 than in DIV14 neurons
133 (Fig. 1C). At the same time, the treadmilling rate of the dynamic actin
134 pool is significantly faster in DIV21 than in DIV14 neurons (Fig. 1D).
135 To study the changes in F-actin stable pool treadmilling rate, we
136 performed a PAGFP-actin fluorescence decay assay (Fig. 1E and F). The
137 recordings were carried out similar to the FRAP assay, but instead of
138 photobleaching, the PAGFP-actin was photoactivated. This allowed for

139longer stable recordings to obtain a reliable estimation of the F-actin
140stable pool size and treadmilling rate. Each single spine recording was
141fitted to a two-component exponential decay equation. The mean
142sizes of the stable F-actin pools (Fig. 1G) showed a significant increase
143in the relative size of the stable F-actin pool in DIV21 neurons
144(Fig. 1G). The photoactivation assay did not show any significant differ-
145ences in the time constants of the turnover rate of the dynamic or stable
146pool of F-actin (Fig. 1H and I). This result differs fromFRAP results. How-
147ever, it is important to remember that different parameters (polymeri-
148zation vs. depolymerization) are measured in these two different
149assays. Furthermore, it might be that time interval used during the
150very fast decay of the dynamic pool actin in PAGFP assay was too long
151to be able to distinguish between two different treadmilling rates.
152Thus, as the FRAP assay is more suitable to estimate the treadmilling
153rate of the dynamic F-actin pool, it is likely that FRAP result is closer to
154the truth than PAGFP result.
155To confirm that our primary hippocampal neuron culturesmature as
156published earlier (Dunaevsky et al., 1999; Oray et al., 2006; Takahashi
157et al., 2003), we analyzed spine density, morphology, size and motility
158in DIV14 andDIV21 cultures. Shortly, hippocampal neuronalmaturation
159was accompanied by two-fold increase in total spine density and the
160spine type pattern changed between DIV14 and DIV21 (fold increases:
161stubby 2.24; thin 1.61; mushroom 2.13) (Supplementary Fig. 1A–C).
162The sub-grouping of spines based on their head width and spine length
163showed a shift from spine headwidth from 0.2–0.39 μm to 0.4–0.59 μm
164duringmaturation, as well as a reduction in the relative number of very
165short spines (0.2–0.6 μm) and an increase in longer spines (Supple-
166mentary Fig. 1D). The comparison of the spine head width fluctua-
167tion amplitudes revealed that the DIV21 neurons were significantly
168less dynamic than DIV 14 neurons (71% of the DIV14 value) (Supple-
169mentary Fig. 1E–G). Together, these analyses show that our rat hippo-
170campal neuron cultures mature as other cultures published earlier
171(Dunaevsky et al., 1999;Oray et al., 2006; Takahashi et al., 2003) leading
172to an increase in spine density, a change in spine morphology, and a
173decrease in spine dynamics.

174Expression level of myosin IIb controls the stability of F-actin in dendritic
175spines

176Next, we wanted to examinemolecular mechanisms that could reg-
177ulate actin dynamics during dendritic spine maturation. Myosin IIb has
178been shown to be important for the normal development and function
179of dendritic spines (Hodges et al., 2011; Rex et al., 2010; Ryu et al.,
1802006; Zhang et al., 2005) and it is re-located into dendritic spines during
181neuronal maturation (Ryu et al., 2006). Thus, we decided to investigate
182the role ofmyosin IIb in regulating actin in dendritic spines. A functional
183myosin IIb complex is comprised of three pairs of peptides: two heavy
184chains of 230 kDa (MHC IIb), two 20 kDa regulatory light chains
185(MLC20), and two 17 kDa essential light chains. We first either over-
186expressed the myosin IIb heavy chain (MHC IIb) or inhibited the MHC
187IIb expression by myh10 targeted siRNA gene silencing. The increase
188or decrease in the myosin IIb protein level was analyzed by myosin IIb
189antibody staining in cultured hippocampal neurons. On average, over-
190expression of mCherry-MHC IIb increased the MHC IIb expression
191to 360% of the intensity present in control cells (Supplementary
192Fig. 2A, B). In contrast, the intensity of the myosin IIb staining in MHC
193IIb siRNA treated cells was diminished to 35% of the intensity present
194in control cells (Supplementary Fig. 2A, B). We also tested if exogenous
195expression of the MHC IIb can rescue myosin IIb depletion by siRNA.
196When the cells were simultaneously transfected with MHC IIb siRNA
197and mCherry-MHC IIb over-expression construct, the total MHC IIb
198expression was on average 150% of the control cells (Supplementary
199Fig. 2A, B).
200Nextwe examinedwhether increased or decreasedmyosin IIb levels
201affect F-actin dynamics in dendritic spines.We first performed the FRAP
202assay (GFP-actin) for the DIV14 neurons expressing mCherry-myosin
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